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Purpose: Tracheal occlusion (TO) induces lung growth in congenital diaphragmatic hernia (CDH) but is
also associated with drawbacks. We devised a temporary gel plug that induced lung growth when placed
in the fetal trachea. This study evaluates the effects of temporary versus permanent TO on histologic
radial alveolar count (RAC) and vascular morphometrics.
Methods: Experimental CDH was created surgically in 64 New Zealand White rabbit fetuses on gesta-
tional day (GD) 24. On GD 27, these fetuses were randomized to intratracheal instillation of a ﬁbrin gel
plug (GP), tracheal suture ligation (SL), intratracheal instillation of normal saline (NS), or sham
amniotomy (SH). Non-manipulated fetuses served as controls (NM). Histologic lung sections were
assessed blindly for RAC and relative arterial adventitial thickness (%AT) as a variable for vascular
remodelling. Results were statistically compared.
Results: RAC was signiﬁcantly lower in the ipsilateral lung of SH fetuses than in the contralateral lung
(p ¼ 0.011). Mean RAC was higher after SL (p < 0.001) and GP (p ¼ 0.03) compared to SH. Furthermore, %
AT was higher in GP (50  28, p < 0.001) and SL (45 2 6, p ¼ 0.003) fetuses than in controls (36  19).
Conclusion: Temporary and permanent TO leads to increased RAC; this effect was more pronounced with
permanent TO. Both interventions were associated with an increased %AT. These ﬁndings may explain
the adverse clinical effects of TO, despite causing accelerated lung growth.
 2013 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.1. Introduction
The pathophysiology of congenital diaphragmatic hernia (CDH)
is determined by a combination of alveolar and pulmonary vascular
components.1 These adverse changes develop in utero, supporting
the rationale of prenatal intervention to ameliorate postnatal pul-
monary function with a variety of different approaches.2,3 Prenatal
tracheal occlusion has been shown to accelerate lung growth,4 but
has not translated into better clinical outcome in a randomized
controlled study.5 Temporary tracheal occlusion during a particu-
larly susceptible phase of lung development may be more beneﬁ-
cial,6 but requires two invasive procedures to place and remove the
tracheal balloon. We therefore devised a temporary gel plug that
dissipates after a certain amount of time andwere able to show that
it induces lung growth when placed in the fetal trachea during the
saccular phase of lung development in a rabbit model.7ery, Department of Surgery,
ox 209, New York, NY 10021,
ensterer).
ciates Ltd. Published by Elsevier LtRelative lung mass is a crude outcome parameter to assess the
effect of a prenatal intervention for CDH, and the more interesting
question is what changes are induced on a histologic level in the
alveolar architecture and vascular morphology. The concept to
assess degree of lung hypoplasia by means of radial alveolar count
was introduced in 1960,8 and later modiﬁed and validated by
Askenazi and Perlman in 1979.9 Roubliova et al. described pulmo-
nary vascular measurements in a fetal rabbit model of CDH in
2004.10 Based on these techniques, this study evaluates the effects
of prenatal temporary versus permanent tracheal occlusion on
histologic radial alveolar count and vascular morphometrics in a
surgical rabbit model of CDH.2. Methods
Institutional Animal Care and Use Committee approval was obtained (Animal
Project Number 100508989). Experimental left-sided CDH was created surgically in
a total of 64 New Zealand white rabbit fetuses on gestational day 24 (term 31d). On
gestational day 27, the fetuses were randomized to undergo intratracheal instillation
of a ﬁbrin gel plug (GP), tracheal suture ligation (SL), intratracheal instillation of
normal saline (NS), or sham amniotomy (SH). Each group therefore consisted of 16
fetuses. An additional 16 non-manipulated fetuses of the litter without CDH served
as controls (NM). Fetuses were harvested at gestational day 29 by caesarian section.d. All rights reserved.
Fig. 2. The vessels are measured using on-screen electronic calipers. The internal
diameter (ID e 40.74 mm) and external diameter (ED e 79.03 mm) of the vessel wall is
determined, along with the adventitial diameter (AD - 107.18 mm). From these, arterial
wall thickness (WT) is calculated as WT ¼ (ED  ID)/2. Relative medial thickness (%MT)
is thereby deﬁned as %MT ¼ (ED  ID)/ED*100, and relative medial thickness (%AT) as %
AT ¼ (AD  ED)/ED*100.
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following a protocol published previously.11
After ventilation, the lungs and the mediastina were excised en bloc. The
bilateral lower lobes were ligated at the hilum, removed, and snap frozen for later
immunohistochemical analysis. The remaining lungs (the upper lobes) were inﬂa-
tion ﬁxed with 10% formalin (25 cm inﬂation pressure), embedded in parafﬁn, and
axial sections of the lungs were furnished and stained with hematoxylin/eosin. All
analyses reported in the following therefore were carried out on the left and right
upper lobes.
Without knowledge of the respective study group of the animal, the histologic
slides were assessed for radial alveolar count (RAC) as described in Fig. 1 by one
blinded observer. Using an electronic caliper to measure the inner diameter, the
outer diameter, and the adventitial diameter, vascular morphometric parameters
including relative adventitial thickness (%AT), relative media thickness (%MT), wall
thickness (WT) were calculated (Fig. 2). In every lung, RAC was determined in 20
different places to include the entire surface of the evaluated lung specimen, and
vascular measurements were performed on 10 peripheral pulmonary arterioles.
These measurements were combined to calculate means and standard deviations,
and the results were statistically compared by t-test and ANOVA.
Our study employed a variety of controls. The SH group was used to control for
the effects of the amniotomy. The NS group was a control for the procedure of
intratracheal cannulation, and the non-manipulated fetuses served as healthy
control pups without CDH.
3. Results
All maternal rabbits survived the surgeries until caesarian sec-
tion. Due to fetal mortality, histologic analysis of the lungs was
successfully performed in 12 newborns each in the SL and GP
groups, 10 in the SH and NM group, and 9 in the NS group.
Average RAC was signiﬁcantly lower in the ipsilateral (left) lobes
of SH CDH rabbit fetuses than in the contralateral (right) lobes
(p ¼ 0.011). Fig. 3 shows that fetuses treated with SL and GP had
higher left lobe RAC compared to SH and NS fetuses. While SL
restored RAC to normal numbers found in NM fetuses, this effect
was less pronounced in the GP group.
Relative adventitial thickness %AT was higher in the left than in
the right lobes in the GP group (p ¼ 0.018). As demonstrated in
Fig. 4, average left lobe %AT was higher in both the GP (p < 0.001)
and SL (p ¼ 0.03) groups compared to healthy, non-CDH NM
controls.
No other signiﬁcant differences were noted between the groups.
4. Discussion
Prenatal tracheal occlusion has been shown to increase fetal
lung to body weight ratio,12 number of alveoli,13 and decrease
relative medial wall thickness14 in animal models. In a study onFig. 1. Example of determination of radial alveolar count (RAC), lower bottom left: a
perpendicular line is drawn from the midpoint of the most distal respiratory bron-
chiole (transition point from respiratory to alveolar epithelium) to the nearest con-
nective tissue septum. Each saccule is counted along this line (in this case the RAC is 8).humans, tracheal occlusion induced accelerated lung growth, but
was not associatedwith increase in relative medial wall thickness.15
The tradeoff with prenatal intervention is an increased rate of
premature rupture of membranes (PROM). Even when using
percutaneous single-puncture endoscopic techniques for balloon
placement, the PROM rates in the European study was as high as
31% before 34 weeks of gestation,16 necessitating early balloon
retrieval. The theoretical advantage of a gel plug for tracheal oc-
clusion in the clinical setting would be the possibility of adminis-
trating it into the fetal trachea by ultrasound-guided needle
puncture. Also, the gel could be suctioned from the airways during
endotracheal intubation if PROM leads to premature delivery.
In a previous study, we evaluated a variety of different agents for
temporary tracheal occlusion, optimized the gel plug, and
demonstrated that this approach leads to increased lung growth
the same surgical rabbit model of CDH.7
In the current study, experimental creation of a left-sided CDH
led to a decreased RAC in the ipsilateral lung. In the fetal rabbitFig. 3. Radial alveolar count (RAC) is shown separately for left and right lungs across
all study groups (p values in grey). Instillation of the gel plug lead to increased RAC in
the left lung compared to non-treated sham fetuses with CDH (*p < 0.05). SL e suture
ligation, GP e gel plug, NM ematched controls, NS e instillation of normal saline, SH e
sham amniotomy.
Fig. 4. Relative arterial adventitial thickness (%AT) across the study groups. Treatment
with either permanent or temporary tracheal occlusion via gel plug resulted in
increased %AT in the left lung. SL e suture ligation, GP e gel plug, NM e matched
controls, NS e instillation of normal saline, SH e sham amniotomy.
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than the left one. Tracheal occlusion by a temporary gel plug or a
permanent suture mitigated the decrease in postnatal RAC,
although the effect was more pronounced with permanent SL.
Interestingly, both the SL and GP interventions were associated
with an increased %AT in the left, but not the right lung. An
increased %AT was not observed in untreated SH animals with CDH
or those treated with intratracheal NS. These ﬁndings may help
explain potential adverse effects of tracheal occlusion in the clinical
setting, despite causing accelerated lung growth and an increased
number of alveoli. Increased amounts of adventitial stroma may
contribute to postnatal pulmonary hypertension. There was no
appreciable effect on relative medial wall thickness in our study.
Future fetal surgical approaches should include the pharmaco-
logic modulation of vascular development in addition to mechan-
ical tracheal occlusion. In one rabbit study, adding betamethasone
to tracheal occlusion had a cumulative effect on the decrease of
proportional medial wall thickness when both treatments were
combined.17 Furthermore, therapy with antenatal steroids
decreased the deleterious effects of tracheal occlusion on the
number of type II pneumocytes in a sheep model.18 The adminis-
tration of growth factors,19 or genes that lead to expression of
growth factors20 has also been described in combination with TO.
Administering these agents into the lung just before instillation of
the tracheal gel plug would not add further morbidity, since they
can be injected through the same small cannula in the fetal airway.
The differences in RAC and pulmonary vascular morphometrics
in our study between treated, nontreated, and healthy fetuses were
less pronounced than previously described.14,17 This may be
attributable to the fact that bilateral lower lobes were not examined
in this study; the histologic analysis was based on the left upper
lobe and the right upper and middle lobes exclusively. The lower
lobes were excised and preserved for later immunohistochemical
analysis. It is so far unknown whether the effect of experimental
CDH is different for the various pulmonary lobes in the fetal rabbit
model. Furthermore, this study did not look at the dynamics of the
gel plug, such as the time to dissolution, how much leakage there
was around it, or the location of the gel plug at time of animal
sacriﬁce. These issues must be addressed in future studies.
Although we did not conduct any toxicity studies on ﬁbrin glue,
this is a product that is Food and Drug Administration (FDA)
approved in humans “as an adjunct to hemostasis for use in pa-
tients undergoing surgery” with no signiﬁcant toxicity found inexperimental or clinical studies. The most common adverse re-
actions were hypersensitivity or allergic/anaphylactoid reactions.21
Others have tested the impact of ﬁbrin glue on the lung tissue in a
rabbit model and found that ﬁbrin glue does not cause an inﬂam-
matory or foreign body reaction.22
In summary, temporary tracheal occlusion by instilling a tem-
porary ﬁbrin gel plug into the trachea of fetal rabbits with experi-
mental CDH has a moderate but measurable favorable effect on
alveolar development, but also leads to increased adventitial
thickness comparable to changes after permanent tracheal occlu-
sion. This study proves a concept of tracheal occlusion, but failed to
show superiority of GP over SL. The mitigated effect may be due to
an incomplete occlusion with leakage of fetal alveolar ﬂuid around
the plug. Future studiesmust evaluate if themorphometric changes
resulting from GP translate into improved postnatal lung physi-
ology. A more stable plug that adheres better to the respiratory
epithelium in the trachea may be more effective. Furthermore, it
would be desirable if a future bioengineered polymer plug for
temporary tracheal occlusion could be dissolved by applying a
noninvasive energy source such as ultrasound waves or electro-
magnetic ﬁelds, as this would make the duration of tracheal oc-
clusion more controllable.
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